ABSTRACT: The carbon isotope record from ancient epicontinental seas may contain much more of a local-scale carbon cycling signal than is generally appreciated. A unique opportunity exists to examine this issue in the case of the Late Ordovician Mohawkian Sea of eastern Laurentia, where the Millbrig K-bentonite stratigraphic framework has been used to delineate a time slice at 454 Ma, extending over ,1,500,000 km 2 of the eastern United States. Across the time slice, carbonate and organic carbon d 13 C vary by 4.5% and 7.5% respectively, a spatial variation that is as large as temporal (secular) changes in epeiricsea d 13 C that have been reported in the past. These new data are considered in the context of geographic variations in lithological, biological, and other geochemical sediment characteristics. Collectively, these sediment properties distinguish regions of the Mohawkian Sea which likely differed in terms of the nature and relative importance of carbon cycling processes. Water-column depth and structure, and barriers to free exchange of water across the Mohawkian Sea, may have been overarching factors in the development of these regions, raising the possibility that changes in circulation patterns, such as those caused by sea-level change, played a role in driving secular carbon isotope excursions by changing the rate of exchange of dissolved inorganic carbon between water masses. If the observed effects of local carbon cycling on the distribution of Mohawkian Sea d 13 C were commonplace in ancient epicontinental marine environments, it would imply that local-scale carbon cycling may have left a nontrivial imprint on epeiric-sea records of secular variations in d 13 C, in addition to the imprint left by changes in the global carbon cycle. This may have contributed to the broad scatter in d
INTRODUCTION
The Paleozoic carbon isotope record is derived predominantly from carbonate rocks that were deposited on flooded continental margins and in flooded continental interiors. Here we refer to these regions (continental interiors plus margins) as epeiric seas. This carbon isotope record has been used to reconstruct the history of global carbon cycling on the basis of the assumption that dissolved inorganic carbon (DIC) in epeiric seas mixed rapidly enough with the ocean-atmosphere system via air-sea gas exchange and seawater circulation to guarantee that the epeiric-sea carbon isotope (d 13 C) signal reflected that of the contemporaneous surface ocean (e.g., Holser et al. 1996) . The disadvantage of this approach, however, is that only the global-scale evolution of the carbon cycle is treated as important for determining the epeiric-sea d 13 C signal. In the rock record, on the other hand, there is evidence that the impact of the local-scale carbon cycle on epeiric-sea d 13 C was nontrivial. Comparisons of globally correlated d 13 C profiles frequently reveal that the magnitudes of d 13 C excursions differ from one profile to the next, as do pre-excursion and post-excursion d 13 C baselines (e.g., Ainsaar et al. 1999; Beauchamp et al. 1987; Hatch et al. 1987; Magaritz and Holser 1990; Patzkowsky et al. 1997; Saltzman 2002; Scholle and Arthur 1980; Underwood et al. 1997) . If all epeiric seas recorded only the d 13 C of the surface ocean, then in the absence of diagenetic alteration and sedimentary hiatuses all contemporaneous epeiric-sea records should display the same background d
13
C values and a change in ocean d 13 C would produce the same carbon isotope excursion in each epeiric-sea record. Instead, it appears that local-scale differences in carbon cycling were superimposed on the larger-scale global carbon cycle record. The question is: what were the relative contributions of local versus global carbon cycles to the epeiric-sea d 13 C record? In the case of modern semi-restricted marine environments, the influence of the local carbon cycle on d 13 C can be substantial. The d 13 C of DIC in Florida Bay and the Bahama Banks is up to 4% lower than the d 13 C of DIC in nearby open-ocean waters (Lloyd 1964; Patterson and Walter 1994) . This is due in part to the fact that oxidation of organic matter in Florida Bay and Bahama Banks sediments adds 12 C to these reservoirs faster than ocean-atmosphere carbon exchange processes can mix it out (Lloyd 1964; Patterson and Walter 1994) . The 4% gradient between semi-restricted and open-ocean waters is particularly striking given that d 13 C varies by only ,0.5% across the entire surface ocean (Broecker and Maier-Reimer 1992; Kroopnick 1985) . The example of Florida Bay and the Bahama Banks also illustrates that the relative magnitudes of interacting carbon reservoirs is not necessarily informative in terms of the impact that one reservoir has on the other.
In this paper we argue that the d 13 C record from ancient semi-restricted marine environments may also have been strongly influenced by local carbon cycling. We test this idea by comparing the d
13 C values of contemporaneous calcareous sediments from across the Late Ordovician Mohawkian Sea of Eastern Laurentia (Fig. 1) . A time slice has been established across the Mohawkian Sea by the regional correlation of the Millbrig and Deicke K-bentonites ( Fig. 2 ; Kolata et al. 1996 and references therein), both of which yield radiometric ages of 454 Ma within the uncertainties of Ar-Ar (Kunk and Sutter 1984; Kunk et al. 1985) and U-Pb (Tucker et al. 1990 ) dating techniques. The K-bentonites are separated by 0.4 m to 14.6 m of stratigraphic section, probably spanning less than 500,000 years, and extend across ,1,500,000 km 2 of the eastern United States (Leslie and Bergström 1997) .
This approach was originally taken by Holmden et al. (1998) 18 O did not display similar geographic trends. After considering the potential factors driving carbon cycling across the Mohawkian Sea, we conclude that the exchange of DIC across epeiric seas and between epeiric seas and oceans may have been an important influence on spatial trends in d 13 C within epeiric seas. Changes in DIC exchange rates, such as those caused by sea-level change, may have been an important factor in determining temporal changes in the relative contributions of epeiric sea and ocean-atmosphere carbon cycles to the Paleozoic carbon isotope record.
EXPERIMENTAL METHODS

Sampling Strategy
For optimal resolution of the 454 Ma time slice, sediments were collected from as close as possible to the top of the Millbrig K-bentonite. Where the Millbrig is not present (locations s, t, u in Table 1 and Fig. 3 ), samples were collected on the basis of correlation using the Deicke Kbentonite (Leslie 1995; Leslie 2000; Leslie and Bergström 1997) . Sample positions relative to the Millbrig or Deicke K-bentonites are listed in Table 1 . Sampling in this study overlaps that of Holmden et al. (1998) . Samples c, e, h, l, n, r, s, and t were originally analyzed by these workers for d 13 C carb . For these, the results of Holmden et al. (1998) are reported in parentheses next to the results of the present study. Samples f, i, k, o, and p are from geographic locations included in the previous study but are stratigraphically closer to the time slice. Eleven samples represent sites not included by Holmden et al. (1998) . Samples consist largely of micritic limestones (mudstones, wackestones, packstones), but the time slice constraint necessitated that other lithologies be incorporated, including grainstones, siltstones, and shale. Sample lithology, section lithofacies, and formation names are listed in the Appendix, and sample lithologies as well as general formation lithologies are plotted along with analytical results on the maps in Figure 3 . 
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For this study we have opted to perform whole-rock isotopic analyses rather than component-specific analyses. This approach requires the assumption that the d 13 C carb signal of micritic limestones is determined predominantly by micrite that has preserved an original carbon isotope signature, and not by subsequent diagenetic overprinting or variations in the relative abundance of allochems. We do not claim that our analyses are free from these influences, yet there is evidence from this and other studies of the Mohawkian Sea sediments to suggest that the geographic distribution of low and high d
13 C values observed here, as well the magnitude of the d 13 C variation, are reasonably representative of the distribution of d 13 C of DIC across the ancient Mohawkian Sea. We present these arguments in the results section.
Analytical Approach
For d
13 C carb and d 18 O analyses, powdered whole-rock samples were digested in anhydrous phosphoric acid for a minimum of 12 hours according to the method of McCrea (1950) . After cryogenic purification, CO 2 yields from the acid digest were measured by using a manometer to determine wt% CaCO 3 . Care was taken to ensure complete dissolution of the finely powdered carbonate. Inorganic carbon and oxygen isotope analyses were performed on a Finnigan MAT Delta E dual inlet gas isotope ratio mass spectrometer.
Organic matter was isolated by HCl-HF digestion. Amorphous kerogens, considered to be the remains of phytoplankton which used marine DIC for tissue formation, were isolated by ZnCl 2 heavy-liquid separation (Lewan 1986 ). The d 13 C org of concentrated organic matter was measured after conversion to CO 2 gas using a combustion furnace (ANCA-GSL) attached to a Europa Scientific 20-20 continuous flow isotope ratio mass spectrometer. Care was taken to match reference and sample gas volumes for accurate determination of isotope ratios. The weight percent of TOC in the samples was measured by combustion in the ANCA-GSL of the residue remaining after HCl digestion of the wholerock carbonates. The organic fraction was calculated by comparing the voltages for the sum of mass 44, 45, and 46 CO 2 + ion beams between the samples and a gravimetric standard with a known wt% carbon. Carbon and oxygen isotope results are reported in the standard delta (d) notation as per mil deviations relative to PDB.
FIG. 3.-Distribution of A) d
13 C carb (this study), B) d 13 C org (this study) and C) e Nd (Holmden et al. 1998 ) across the Mohawkian Sea time slice with regional lithofacies and sample lithology. Lithofacies are modified from Leslie (1995) , Leslie and Bergstrom (1997) , and Kolata et al. (2001) . Nash. D. 5 Nashville Dome, Jess. Dome 5 Jessamine Dome. Sites where both Midcontinent Faunal Region (MFR) and Atlantic Faunal Region (AFR) conodonts are present are marked with an asterisk (*), indicating a cooler, deeper water column, whereas other sites have MFR conodonts only, which occupied warm, shallow platform waters (Bergströ m 1990; Sweet and Bergström 1974) . In Part A, crosses (3) indicate core sites described in Ludvigson et al. (2004) . In Parts B and C heavy dashed lines indicate aquafacies boundaries. Boundaries are after Holmden et al. (1998) , with the exception of the boundary between the Midcontinent Aquafacies and the Arch Margin Aquafacies. This boundary is drawn to encompass higher d 
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J S R External precision for both d 13 C carb and d 18 O is better than 6 0.2% based on 10 analyses of NBS-19 which yielded 1.95 6 0.12% and 22.21 6 0.07%, respectively (2s), throughout the course of this study. External precision for d 13 C org is better than 6 0.3% (2s) based on 26 analyses of an internal chickpea standard calibrated against NBS 1575.
RESULTS
Distribution of Carbon and Oxygen Isotopes
Across the 454 Ma time slice, whole-rock d 13 C carb values range from 22.0% to +2.5% and d
13
C org values range from 230.4% to 222.9% (Table 1 ). The lowest d
13 C values occur in the western part of the study area (region comprising Minnesota, Wisconsin, Missouri, Illinois, and Ohio), whereas d
13 C values are higher eastward along the Transcontinental Arch and in the region adjacent to the Iapetos Ocean (Fig. 3A, B) . For the majority of samples, TOC values range between 0.00 and 0.11 wt%. Samples d, j, l, m, o, and p have higher TOC values, ranging from 0.24 to 0.60 wt% ( (Fig. 4) O values recorded geographic differences in the temperature and salinity of seawater, and hence, the lateral distribution of water masses across the Mohawkian Sea as discussed by Holmden et al. (1998) Part of the uncertainty regarding how closely spatial or temporal variations in bulk d 13 C carb resemble the d 13 C DIC of contemporaneous seawater is the small fractionation factor between DIC and carbonate in calcite. Of more concern, however, are the effects of diagenetic alteration and cementation by later diagenetic fluids, and the impacts of vital effects on the d 13 C of micrites and allochems (brachiopods, bryozoans, crinoids, and ostracodes in our samples), which are difficult to quantify in extinct taxa. In this study, the range of lithologies that were analyzed further highlights the question of whether comparison of bulk d 13 C carb between samples is a comparison of the variability in the d 13 C of Ordovician DIC (as recorded in well-preserved micrites) or a comparison of the relative abundances of allochems.
One indication of the degree to which the observed d 13 C carb pattern is the result of diagenetic resetting, or is influenced by spatial trends in the relative contributions of allochems, is the offset between d 13 C carb and d 13 C org . To the extent that carbonate and organic sediment components Knoll et al. 1986; Magaritz et al. 1992; Pancost et al. 1999 ) because ''...no secondary processes are known (or are, for that matter, conceivable) which always shift the isotopic compositions of carbonate and organic carbon in the same direction at the same rate. Instead, secondary processes commonly alter the isotopic composition either of organic carbon or of carbonate carbon, and the magnitudes of the isotopic shifts are controlled by different and unrelated factors'' (Knoll et al. 1986 ). In the case of bulk carbonate d 13 C analyses, a consistent Dd 13 C would imply that the carbonate component most important for determining the d 13 C carb signal was derived from the same DIC pool as the organic carbon.
Mohawkian Sea d 13 C carb and d
C org values have similar geographic distributions (Fig. 3A, B) and have Dd 13 C of 29.2% 6 1.1% (Fig. 5) , with the exception of two samples (w, x). This range is smaller than the 4.5% d 13 C carb variation across the Mohawkian Sea, suggesting that d 13 C carb variation is not due entirely to diagenesis or variations in the relative abundance of carbonate components but represents an actual variation in DIC d (Fig. 5) Carbonates from the Cominco SS-9 core in Iowa (site SS-9 in Fig. 3A) were examined for diagenetic alteration with multiple measurements of the d 13 C of micritic components (Ludvigson et al. 1996; Ludvigson et al. 2004) . Standard deviations in d
13 C values for individual rock samples ranged between 0.08% and 0.45%, demonstrating a ''lack of significant variability [which] indicates that little, if any, diagenetic overprinting has occurred in relation to the original micritic d
13 C values'' (Ludvigson et al. 2004 ). Patzkowsky et al. (1997) concluded that carbonate sequences containing the 454 Ma time slice in Pennsylvania were also well preserved, on the basis of a comparison of a stratigraphic d 13 C carb profile in the approximate location of our sample o, with a correlative sequence 30 km away. These sections showed ''remarkable similarity in d
13 C values, magnitude of shift, and even in some of the smaller-scale variability, arguing that this represents a primary signal within the basin'' . The Pennsylvania and Iowa records both contain a large (,3-4%) positive carbon isotope excursion (Ludvigson et al. 1996; Ludvigson et al. 2004; Patzkowsky et al. 1997) , which has been identified elsewhere in North America and the world (Ainsaar et al. 1999; Brenchley et al. 2003; Brenchley et al. 1994; Long 1993; Saltzman and Young 2005) .
The offset in the baselines of stratigraphic d
C carb profiles from Iowa and Pennsylvania also provides a check on how well the 4.5% d 13 C carb range observed in the present study approximates the original range of d 13 C in the DIC of Mohawkian Sea waters. Our trend toward higher d 13 C values southward and eastward of Minnesota and Iowa is consistent with the observation that the baseline of the Pennsylvania d 13 C carb profile (approximately at our site o) was ,2% higher than the baseline of the Iowa SS-9 core . Further measurements from Iowa support a trend toward increasing baseline d 13 C carb values moving from north to south (Ludvigson et al. 2004 ). In particular, north of the SS-9 core (approximately our sites c and d, Fig. 3A) , baselines are up to 1% lower than the SS-9 core (Ludvigson et al. 2004; Pancost et al. 1999 ). Moving to the south and east of SS-9, the baseline of the d 13 C profile of core C28 (site C28 in Fig. 3A ) is 0.5% higher than that of SS-9 (Ludvigson et al. 2004; Pancost et al. 1999) . Taken together, these baseline offsets are consistent with a DIC d 13 C gradient of up to 3% between northeastern Iowa and central Pennsylvania.
CHARACTERIZING LOCAL-SALE VARIABILITY IN THE RELATIVE IMPORTANCE OF CARBON-CYCLE PROCESSES
Earlier studies of Mohawkian Sea carbonates that identified geographic variations in d 13 C across the Mohawkian Sea explained those variations in terms of regional differences in carbon inputs, and the relative isolation of water masses from one another and from the Iapetos ocean (Holmden et al. 1998; Patzkowsky et al. 1997) . Holmden et al. (1998) approached the geographic variations more formally by naming three geographic subdivisions across the Mohawkian Sea. These subdivisions, called aquafacies, were made on the basis of a variety of sediment properties, including lithology, conodont biofacies, e Nd and Sm/ Nd of conodont elements, as well as carbonate d 13 C, and were interpreted as indicators of temperature-and salinity-defined water masses within the Mohawkian Sea. Here we retain and expand upon the aquafacies geographic framework because the sediment characteristics which define each aquafacies are also characteristics which identify and help to explain geographic variations in the relative importance of carbon-cycle processes across the Mohawkian Sea. In this regard, our use of the aquafacies concept differs somewhat from that of Holmden et al. (1998) , because we focus predominantly on the utility of aquafacies for distinguishing regional variations in carbon cycling. By using aquafacies, we do not wish to imply a priori that temperature and salinity were overarching controls on patterns in carbon cycling, although physical water-mass properties could certainly have been a factor.
Aquafacies Geographic Framework
The three aquafacies of Holmden et al. (1998) Fig. 3C) . The boundary between the Midcontinent and Southern Aquafacies is placed along the line of the Ozark, Nashville, and Jessamine domes, which may have been part of a series of islands and shoals associated with a peripheral bulge due to the Taconic Orogeny (Holland and Patzkowsky 1997; Patzkowsky et al. 1997) . This boundary also falls along the incipient Sebree Trough (Kolata et al. 2001 ). Midcontinent and Southern Aquafacies are both distinguished from the Taconic Aquafacies in that the former encompassed the shallow-water Galena and Lexington carbonate platforms, respectively (green shalepackstone and wackestone-packstone lithologies; Appendix), whereas Taconic Aquafacies sediments include dark wackestone-shale and calcareous mudstone lithologies ( Fig. 3B ; Appendix), which were deposited in the much deeper and possibly salinity-stratified Taconic Foreland Basin (Hay and Cisne 1988; Leslie and Bergström 1997) . The Taconic Aquafacies is further distinguished from the Midcontinent and Southern Aquafacies by the presence of both Atlantic Faunal Region (AFR) and Midcontinent Faunal Region (MFR) conodonts (in Fig. 3 , sites with AFR conodonts are marked with an asterisk), whereas Midcontinent and Southern Aquafacies sediments have only MFR conodonts. The presence of AFR conodonts in the Taconic Aquafacies indicates that the Taconic waters shared temperature and/or salinity characteristics with the surface ocean water mass, possibly at depth, because the AFR conodonts are the most abundant in continental-margin sections from a number of paleocontinents Witzke 1980) . Because this region does not appear to fit neatly into the Midcontinent, Southern, or Taconic Aquafacies, we have set it apart as a fourth aquafacies, the Arch Margin Aquafacies.
Geographic Variations in Carbon-Cycle Processes
Processes which may have added carbon to the Mohawkian Sea include oxidation of organic detritus in the water column, on the sea floor, and in the sediments, adding CO 2 with d 13 C of ,225 to 230%, and weathering of carbonate and silicate rocks on land, adding DIC via continental runoff (d 13 C of ,25%; . Processes which may have removed carbon from the Mohawkian Sea DIC reservoir include primary productivity and burial, which deplete the DIC pool of 12 C. Carbon was also exchanged with the ocean directly by movement of water between the surface ocean and the epeiric sea and indirectly by way of air-sea CO 2 exchange. The relative contributions of these processes to the d 13 C signal depended in part on water-column depth and structure and on the rates and patterns of seawater circulation across the epeiric sea and between the epeiric sea and the ocean. In shallower water columns of restricted basins, the flux of recycled CO 2 is more important for the d 13 C of DIC than in deeper water columns (Lewan 1986; Lloyd 1964; Patterson and Walter 1994) , especially where deeper basins are density stratified and promote the preservation of organic carbon (e.g., Berger and Vincent 1986) . Seawater circulation patterns and rates influence the magnitudes of carbon fluxes from other reservoirs such as the surface ocean, and can themselves be affected by water-column depth and structure. The variability that existed across the Mohawkian Sea in the characteristics which were important controls on carbon cycling processes (i.e., restricted versus open to exchange with the surface ocean, deep versus shallow water column, close to sources of continental runoff versus farther away) is reflected in the aquafacies divisions.
In the Midcontinent Aquafacies, circulation of Southern and Taconic waters onto the shallow Galena carbonate platform may have been limited by the positive bathymetric feature associated with the Ozark, Nashville, and Jessamine domes ( Fig. 3 ; Holland and Patzkowsky 1997; Patzkowsky et al. 1997) as well as by estuarine circulation patterns in the Mid-continent region (Witzke 1987) . Differences in e Nd (Fig. 3C) and Sm/Nd (Table 1) between the interior of the Mohawkian Sea and the regions closer to the Iapetus Ocean are consistent with restricted circulation patterns across the Mohawkian Sea, which may have amplified the impact of local low d 13 C DIC fluxes (Holmden et al. 1998) . The low d 13 C carbon may have come from oxidation of organic carbon within Mid-continent sediments (Holmden et al. 1998) , although box-model mass-balance considerations suggest that this flux may not have been sustainable by the amount of carbon contained in Midcontinent sediments (Panchuk et al. 2005) . Alternative sources of low d 13 C carbon include Transcontinental Arch runoff, and upwelling of low d 13 C, nutrient-rich waters from the oxygen-minimum zone of the ocean into the Midcontinent via the Sebree Trough (Kolata et al. 2001 ). Low d 13 C fluxes must have been large enough to offset the preferential removal of 12 C due to primary productivity.
In the Taconic Aquafacies, density stratification in deeper regions of the Taconic Foreland Basin has been associated with enhanced preservation of organic carbon (Hay and Cisne 1988) . In this study, higher TOC values were measured in samples from Pennsylvania, Virginia, and West Virginia ( j, l, m, o, Table 1 ). The presence of both Midcontinent and Atlantic Faunal Region conodonts associated with samples j, l, n, o, and w (Fig. 3A) supports the existence of a warmer surface water layer and a deeper cool water layer at those sites (Holmden et al. 1998 ). Higher d
13
C values of the Taconic Aquafacies may also be the result of mixing with Iapetos Ocean waters. It is difficult to say what the d 13 C of Iapetos Ocean DIC was, however, given that this information can come only from the d 13 C of Taconic Aquafacies sediments, and may have been subject to the local carbon cycling affects described above in addition to any overprinting by diagenesis. Here we assume, by analogy with the modern Florida Bay (Patterson and Walter 1994) , that the d 13 C carb of samples located closest to the Iapetos Ocean are the most likely to reflect the d 13 C of the ocean itself. The d 13 C of Iapetos Ocean DIC might best be represented by the d 13 C carb values of 1.3% and 1.4% at the southern end of the orogenic belt (n, w), judging by the proximity of sites n and w to the inferred continental margin and communication with the Iapetos Ocean as demonstrated by the presence of AFR conodonts. Samples n and w are preferred to samples j, l, and o in the north of the orogenic belt because, although j, l, and o also have AFR conodonts, the TOC values for the northern samples are relatively high, raising the possibility that productivity and/or organic-carbon preservation overprinted Iapetos Ocean d 13 C at these locations.
In the Southern Aquafacies the water column was shallow, as in the Midcontinent Aquafacies, allowing the possibility that more low d 13 C carbon from oxidation of sedimentary organic matter reached photic zone waters in the Southern Aquafacies than in the Taconic Aquafacies. However, unlike the Midcontinent Aquafacies, the Southern Aquafacies was not immediately adjacent to a source of continental runoff which could supply nutrients and/or low d 13 C carbon, and it was not in the path of upwelling nutrient-rich waters from the Sebree Trough, which flowed northward and westward (Kolata et al. 2001) . For the Southern Aquafacies, the most important process controlling DIC d 13 C was likely mixing of higher-d 13 C seawater from the Taconic Aquafacies or Iapetos Ocean (Holmden et al. 1998) .
Like the Midcontinent Aquafacies, the Arch Margin Aquafacies may have received low d 13 C carbon and nutrients from continental runoff and Sebree Trough upwelling, yet Arch Margin d 13 C is more like that of the Southern and Taconic Aquafacies. The Arch Margin water column may have been deeper than that of the Midcontinent Aquafacies; generalized isopachs of the Galena Group from Simo et al. (2003) suggest that waters deepened into a separate basin in Michigan that extended into the western region of the Arch Margin Aquafacies. A deeper water column in the Arch Margin Aquafacies might have had effects similar to those in the Taconic Aquafacies, including a reduced impact of low-d 13 C recycled CO 2 on photic-zone d 13 C and increased potential for biological pumping compared to the Midcontinent. However, TOC analyses from Arch Margin sediments are more like the lower Midcontinent values than the higher Taconic values (Table 1 ). The alternative is that the Arch Margin was more open to mixing with the Southern and Taconic Aquafacies and/or the Iapetos Ocean than was the Midcontinent.
IMPLICATIONS FOR INTERPRETING THE STRATIGRAPHIC EPEIRIC-SEA d
C RECORD
Aquafacies properties suggest that the processes which ultimately determine DIC d 13 C at a given geographic location within an epeiric sea may depend strongly on circulation patterns across the epeiric sea, and the degree of communication with adjacent oceans. Holmden et al. (1998) envisioned this effect in terms of the expansion and contraction of geochemically distinct temperature-and salinity-defined water masses, which generated a vertical record of isotopic variability, in the same way that transgression and regression generate vertical sediment sequences representing laterally adjacent depositional environments. Alternatively, stratigraphic d 13 C excursions could represent an increase or decrease in the rate of mixing between DIC reservoirs. Box-model results suggest that this is not an unreasonable scenario from a mass-balance perspective (Panchuk et al. 2005) . The direction of the resulting excursion would depend on the d 13 C of exchanging DIC reservoirs and the effect of changing exchange rates on the relative influence of locally important carbon fluxes. In the Midcontinent Aquafacies of the Mohawkian Sea, for example, a decrease in the influx of higher d 13 C DIC would increase the relative importance of the low-d 13 C runoff or upwelling fluxes into the Midcontinent, yielding a negative carbon isotope excursion, assuming that all other fluxes remained constant.
A simple and common mechanism for driving changes in circulation patterns is sea-level change, which is frequently associated with d 13 C excursions in the rock record (e.g., Bickert et al. 1997; Magaritz and Stemmerik 1989; Patzkowsky et al. 1997) . Sea-level change offers a mechanism for both the initiation and the recovery of carbon isotope excursions over a wide range of temporal and spatial scales, without an inherent requirement for carbon transfer between organic and inorganic carbon reservoirs. Nonetheless, the sea-level-change mechanism could also complicate the interpretation of carbon isotope excursions. A set of carbon isotope excursions from different basins or continents is generally assumed to record a single driving event if the sign and timing of excursions appear to be similar. However, the periodic nature of sea-level change and the potential for sea-level change to be caused by regional-scale events (e.g., regional tectonics) means that similar looking excursions could reasonably have been caused by unrelated changes in sea level. The shorter the period of the sea-level forcing, the more problematic this becomes because more accurate information on the FIG. 6.-Global carbon isotope secular curve with two bands of scatter surrounding the running mean (heavy gray line) representing one standard deviation (68% of data) and two standard deviations (95% of data), modified after Veizer et al. (1999) . The change in d 13 C through time as represented by the running mean of the carbon isotope secular curve may be strongly influenced by the local-scale response of restricted epeiric sea environments to changes in the state of the earth system. For the 454 Ma time slice and for stratigraphic carbon isotope profiles from the Late Carboniferous through Permian (Beauchamp et al. 1987) , d
13 C values for samples most likely to represent the d 13 C DIC of the surface ocean (open circles) are at the high and low ends of the range, respectively, of the scatter at these times. The inset map displays western and Arctic Canadian marine basins in the Late Carboniferous and Early Permian, modified after Beauchamp et al. (1987) . The size of dots indicates the relative 13 C enrichment measured in carbonates, with larger dots representing higher d 
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age of sediments is required in order to distinguish the timing of excursions. In a case where the residence time of carbon in an epeiric sea was much shorter than the ocean carbon residence time, that epeiric sea would have been sensitive to perturbations with periods too short to be detected by the ocean carbon cycle (Richter and Turekian 1993) . In the end, possibly the most certain indicator of whether or not a carbon isotope excursion reflects the global marine carbon cycle is to find that there is a similar excursion in terrestrial sediments. Excursions in the global marine carbon reservoir could be transmitted to the terrestrial carbon cycle by CO 2 exchange via the atmosphere (Bains et al. 1999; Koch et al. 1995) .
Another complication arises when mass-balance considerations are applied to quantify the fluxes of carbon required to generate a given carbon isotope excursion. For the global marine carbon cycle, a carbon isotope excursion can be quantified by computing the transfer of carbon between inorganic and organic carbon reservoirs, given the fractionation associated with photosynthesis . However, where sea-level change is concerned, the primary driver of an excursion may be a change in the rate of mixing between DIC reservoirs. This means that the magnitude and direction of a carbon isotope excursion generated by sea-level change depends on the d 13 C of adjacent DIC reservoirs, in addition to the isotopic effects of feedbacks, including the degree of biological pumping (Berger and Vincent 1986) , the impact of recycled CO 2 in the photic zone (Lewan 1986) , and the lithology of terrains exposed to chemical weathering .
The potential importance of circulation patterns as a control on the epeiric-sea d 13 C record may also offer an alternative insight into the meaning of the Paleozoic carbon isotope secular curve. The secular curve comprises a global sampling of the d 13 C carb of well-preserved brachiopod calcite, whole-rock carbonates, and other fossils from epeiric-sea sediments and is interpreted as a record of changes in the global carbon cycle ( Fig. 6 ; Veizer et al. 1999) . The global carbon isotope secular curve is characterized by a several per mil range in d
13
C at any given time. Scatter has been attributed to geographic variations in the d 13 C of ocean DIC, vital effects, binning effects, and a compressed time scale. The true global d 13 C signal is estimated by the running mean of these data (Veizer et al. 1999) . At 454 Ma the scatter in the global carbon isotope secular curve ranges between ,2% to 22%, which is very similar to the 2.5% to 22% range in d 13 C carb measured across the Mohawkian Sea (Fig. 6 ). This suggests that, although some of the scatter may be due to the aforementioned factors, scatter could also be a record the range of d 13 C DIC values within epeiric-sea environments at a given time.
Comparing the running mean of the global carbon isotope secular curve to the geographic distribution of d 13 C values across the Mohawkian Sea reveals that the running mean estimates a lower d C of the global ocean, or we could conclude that the mean of the global carbon isotope secular curve is biased toward the isotopic effects of restricted circulation. A similar example of the relationship between the scatter in the secular curve and geographic variability in epeiric-sea d 13 C exists for the Late Carboniferous and Early Permian of western and Arctic Canada (inset map, Fig. 6 ; Beauchamp et al. 1987) . In this case, d
13 C values are highest in the restricted Sverdrup Sea (black boxes in Fig. 6 ) due to burial of organic carbon and evaporative fractionation of CO 2 . The d
C values decrease southward, in the direction of wind-driven circulation, because of progressive mixing with Paleo-Pacific Ocean waters. Beauchamp et al. (1987) C values increase toward the Iapetos Ocean, which may reflect biological pumping in a deeper water column and/or exchange with the surface ocean. From the perspective of the aquafacies framework, these local differences in the relative importance of carbon-cycle processes appear to be strongly dependent upon the degree of seawater exchange between the Midcontinent and the other aquafacies. It follows that changes in circulation patterns affecting the exchange of DIC between aquafacies may have resulted in stratigraphic carbon isotope excursions within the Mohawkian Sea and perhaps in other epeiric seas. This complicates the job of correlating carbon isotope excursions on a global scale because it raises the possibility that similar-looking excursions on different continents might have been generated by regional changes in sea level. It also suggests that the magnitude of an epeiric-sea carbon isotope excursion might reflect a combination of rates of exchange of DIC between reservoirs, the d 13 C of adjacent reservoirs, the response of rates of organic-carbon productivity and burial to sea-level change, including the influence of recycled CO 2 on the photic zone, and the global marine d 13 C signal transferred by DIC mixing or by the atmosphere. We conclude that, while the global carbon isotope secular curve may contain information about the direct response of surface-ocean d 13 C DIC to global-scale changes in climate, environment, ocean circulation, and sea-level change, it is also likely to contain information about localized carbon cycling within epeiric seas, and in such a way that the influence of local carbon cycling on the interpretation of Paleozoic d 13 C records is nontrivial.
